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HI 21 cm absorption spectroscopy provides an excellent probe of the neutral gas content of absorbing galaxies, 
yielding information on their kinematics, mass, physical size and ISM conditions. The high sensitivity, unrivaled 
frequency coverage and RFI suppression techniques of the SKA will enable it to use HI absorption to study the 
ISM of high column density intervening systems along thousands of lines of sight out to high redshifts. Blind SKA 
21 cm surveys will yield large, unbiased absorber samples, tracing the evolution of normal galaxies and active 
galactic nuclei from z > 6 to the present epoch. It will thus be possible to directly measure the physical size and 
mass of typical galaxies as a function of redshift and, hence, to test hierarchical models of structure formation. 



1. INTRODUCTION 

The epoch at which objects of a particular mass 
scale form is a critical test of cosmological models. 
Theoretically favored structure formation scenar- 
ios 1 predict that large galaxies are formed in hi- 
erarchical fashion, with smaller cold dark matter 
(CDM) halos merging to form larger ones, fol- 
lowed by the dissipative re-collapse of baryons 
into the resulting deep gravitational potentials 
(e.g. [HI]). Such CDM-based hierarchical merger 
models have the generic feature that big galaxies 
are formed at late times [z < 1), in order to re- 
main consistent with the observed anisotropies in 
the microwave background. The period between 
redshifts z w 5 and z « 1 is thus expected to be 
one of vigorous assembly of galaxies. 

Measuring the typical size and mass of galax- 
ies as a function of redshift allows us to directly 
test the hierarchical merger paradigm. Unfortu- 
nately, this has been difficult to carry out in prac- 
tice. While both the number density of luminous 
quasars and the star formation rate (SFR) density 
in Lyman-break galaxies appear to peak at z ~ 2 
(e.g. |4QI55l5rj| h these observations are strongly 
biased toward the bright end of the luminosity 



including the currently standard A-CDM "concordance 
cosmology", with Q m = 0.27, Q\ = 0.73, Ho = 
71 km s — 1 Mpc~ 1 ; this model will be used for numeri- 
cal estimates in the current article. 



function and may not probe the behavior in "typ- 
ical" systems. Further, the stellar mass detected 
in Lyman-break galaxies at these redshifts is but 
a fraction of the neutral gas mass in all galaxies, 
implying that the observations are not sensitive 
to the bulk of the baryons. 

One of the SKA goals is the direct monitoring 
of the HI content of collapsed objects, from the 
epoch of formation right through to the present 
day (see contribution by van der Hulst et ah, this 
Volume). In fact, the square kilometer of aper- 
ture is a consequence of the interest in mapping 
gas-rich galaxies out to redshifts as high as z ~ 1. 
This stems from a natural desire to image the 
high-z galaxies in the same fashion as done by the 
VLA and WSRT for systems at z < 0.05. Alas, 
the frontier of galaxy evolution studies has moved 
to higher redshifts, where even the SKA will have 
trouble detecting massive galaxies and will not 
make maps with significant structural and kine- 
matic information. 

HI 21 cm absorption measurements toward 
radio-loud background sources (either quasars or 
radio galaxies) can provide interesting informa- 
tion on the structure and physical conditions 
in high redshift galaxies (e.g. and refer- 

ences therein). To date, a number of techni- 
cal factors (e.g. frequency coverage, spectrome- 
ter bandwidth/resolution, RFI environment, ade- 
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Figure 1. Neutral gas content of the Universe 
as a function of time, expressed as a fraction of 
the critical density at the present epoch. The 
filled squares for 5 > z > 2 are from "blind" 
optical DLA surveys [50], the filled squares for 
1.6 > z > 0, from Mgll-selected DLA surveys |4*2*] 
and the open circle at z = 0, from HI emission 
surveys [72] • The light shaded region indicates 
the rising trend of stellar mass with time, leading 
to the filled square for the present stellar mass in 
galaxies |2HJ - The solid curve for the evolution 
of HI density with time indicates the spirit of the 
dust-corrected models of 02]. The darker shading 
to the left at z > 6 reflects the rise in baryon 
neutral fraction during the Epoch of Reionization 
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quate collecting area, etc) have combined to hin- 
der such studies with current radio telescopes. 
We describe in this chapter the potential of the 
SKA to improve our understanding of galaxy evo- 
lution through absorption studies in the HI 21 cm 
line. 

2. DAMPED LYMAN-a SYSTEMS 

Absorption line studies toward bright back- 
ground sources provide a powerful observational 
probe of galaxy formation and evolution. While 
emission studies of a flux-limited, high redshift 
sample are usually dominated by the bright- 
est (often atypical) sources, absorption samples 



are likely to be more representative of "normal" 
galaxies at a given redshift, since the most com- 
mon objects that host HI clouds will provide the 
largest cross section for chance intervention to- 
ward high z radio sources. The high HI column 
density absorbers, the damped Lyman-a systems 
(DLAs, with AThi > 10 20 cm -2 ) are of particular 
interest as these are the largest repository of neu- 
tral gas at high redshifts and hence believed to be 
the precursors of present-day galaxies (e.g. |67|L 
As indicated in Figure [I] the HI mass density in 
DLAs at z ~ 3 is a factor ~ 4 larger than that ob- 
served today, but comparable to the stellar mass 
density in luminous galaxies at z ~ (e.g. [57]). 
This is consistent with a picture of gas depletion 
with time due to star formation, exchanging the 
neutral gas density for mass locked in populations 
of long-lived stars. 

Understanding the evolution of a "typical" 
DLA with redshift is critical to understanding 
normal galaxy evolution. Specifically, one might 
directly test structure formation models by mea- 
suring the typical sizes, structures and dynamical 
masses of an unbiased sample of DLAs as a func- 
tion of redshift. Such a sample could also be used 
to understand the evolution of physical conditions 
in the interstellar medium of normal galaxies, the 
onset of star formation, etc. 

Despite twenty five years of detailed study, the 
typical nature of high z DLAs remains a con- 
troversial issue, with models ranging from large, 
rapidly rotating massive disks (e.g. 0HI) to small, 
merging sub-galactic systems (e.g. |27J)- Simi- 
larly, physical conditions in the ISM of the ab- 
sorbers are also the subject of much debate, with 
some authors claiming evidence that most of the 
HI is in a cold phase and others arguing for 
predominantly warm gas [32145] . Studies of DLA 
chemical abundances have also found only weak 
evidence for evolution [46149] . with low metal- 
licities ([Zn/H] < —1) typical even at low red- 
shifts. This is somewhat surprising if the absorber 
population evolves into the population of large 
galaxies of solar metal abundance that dominate 
the absorption cross-section in the Universe today 

There are a number of reasons for the general 
contention surrounding the nature of damped ab- 
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sorbers. Present DLA samples contain two obvi- 
ous biases, which complicates their use in study- 
ing the evolution of the average galaxy popula- 
tion. First, it has only been possible to carry out 
extensive spectroscopic surveys for DLAs at red- 
shifts z a bs > 1.7, as it is here that the Lyman-a 
line is observable with ground-based telescopes; 
current DLA samples are hence strongly biased 
toward high redshifts, presenting a snapshot of 
the Universe during the time window at 10 - 30% 
of its present age. The redshift range < z < 1.7 
comprises 70% of the age of the Universe, cover- 
ing the stages where proto-galactic systems evolve 
to present-day galaxies in hierarchical merger sce- 
narios. Further, the high z DLA samples are al- 
most entirely drawn from optically selected sur- 
veys (e.g. |67I57| : but see j2H|) and may be biased 
against systems with a high metallicity (i.e. a 
high dust content; see, for example, [2]). Piecing 
together the puzzle critically requires an unbiased 
sample of DLAs with a uniform sampling in red- 
shift; as will be seen later, this can be achieved 
through absorption surveys in the HI 21 cm line. 

In addition to current biases, it has so far 
proved very difficult to distinguish between differ- 
ent models by direct observations of DLAs at high 
redshift. Direct imaging is restricted by large ob- 
serving time requirements at all wavebands; op- 
tical imaging studies are further complicated due 
to problems with subtracting out the point spread 
function of the background QSO. Similarly, it is 
not possible to determine the transverse size of 
the absorbers using optical or ultraviolet absorp- 
tion lines as the background AGN source is unre- 
solved at these wavelengths; even cases of multi- 
ply lensed images provide very few lines of sight 
through the intervening galaxy. Radio absorp- 
tion studies provide perhaps the only hope in 
this regard as it is only in this waveband that 
some sources have extended background contin- 
uum sources, against which one might determine 
the transverse size and kinematics of the absorb- 
ing galaxy. Of course, the vast quantities of neu- 
tral hydrogen at high redshifts make the HI 21 cm 
line the obvious transition for this purpose. 



3. 21 CM ABSORPTION STUDIES 

The HI column density Nm of a homogeneous 
cloud in thermal equilibrium is related to its 
21 cm optical depth t v and spin temperature T s 
by the expression 

N m = 1.823 x 10 18 T s J t v dV , (1) 

where Njn is in cm -2 , T s in K and dV in km s . 
In the optically thin limit, this expression re- 
lates Nui to the emission brightness tempera- 
ture T B as N m = 1.823 x 10 18 / T B (V) dV. 
When optical depth is computed from the ratio 
of flux density in the absorption line depth AS U 
to the integrated source continuum S„, the as- 
sumption is often made that a layer of uniform 
spin temperature and HI column density covers 
a fraction / of the background source, leading to 
r v = -hi(l-AS v /fS v ) 

The relatively weak strength of the 21 cm tran- 
sition implies that 21 cm absorption is only de- 
tectable in high column density gas. This can 
be clearly seen from Equation pjl: typical 21 cm 
equivalent widths 2 are Wy ~ 1 km s _1 while 
spin temperatures are usually > 100 K. These 
parameters lead to typical HI column densities 
Nm > 10 20 cm -2 , precisely those that would give 
rise to damping wings in the Lyman-a line. 21 cm 
absorption surveys are thus well-matched toward 
the construction of DLA samples. Further, such 
surveys contain no "intrinsic" redshift bias, such 
as that arising from the ultraviolet cut-off in the 
atmosphere. And, of course, flux-limited radio 
samples are unaffected by dust. Blind surveys 
in the 21 cm line could be used to obtain DLA 
samples unbiased by dust extinction and redshift 
coverage. On the other hand, the spin temper- 
ature dependence inflicts a bias toward cold gas 
on blind surveys, and the allocation of radio fre- 
quency bands to communications and navigation 
services excludes those bands from blind surveys 
for observatories located in industrialized regions 
of the world. 



2 Note that the equivalent width is defined here as 
Wy = Jt dV (e.g. 1321 ). unlike the usual definition 
W x = J (I - e~ T * ) dX, used when t x > 1 
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Figure 2. [A] Left panel : The z = 0.0912 damped Lyman-a line toward QSO 0738+313, obtained with 
HST-FOS Eg. [B] Right panel : The 21 cm profile of the above absorber, obtained with Arecibo [3"5| . 



Figure |3 shows a comparison between the 
damped Lyman-a and 21 cm spectra for the 
z ~ 0.0912 DLA toward QSO 0738+313 [EEHj- 
The Lyman-a line is highly saturated, allowing 
the DLA line to provide no kinematic informa- 
tion on the absorbing galaxy; the less saturated 
metal lines in these systems are often diagnos- 
tics of complex kinematic structure 08]. Unlike 
the 21cm absorption, the DLA line is insensitive 
to the temperature of the absorbing gas. While 
the 21 cm absorption in this z ~ 0.0912 absorber 
is stronger than usual in redshifted systems, the 
peak optical depth is still only ~ 0.24, imply- 
ing that the profile might be used to glean in- 
formation on the kinematics of the absorber. In 
fact, the 21 cm absorption profile in this absorp- 
tion against QSO 0738+313 could be decomposed 
into three components, two arising from absorp- 
tion in cold (~ 100 K) gas and the third in the 
warm phase, at a kinetic temperature of ~ 5500 K 
|38| . Thus, while the damped Lyman-a line di- 



rectly provides the HI column density along the 
line of sight, 21 cm studies are extremely useful in 
detailed studies of both kinematics and physical 
conditions of gas in galaxies. 

4. HI KINEMATICS : SPATIAL MAP- 
PING OF 21 CM ABSORPTION 

The goals of mapping the gas components of 
galaxies at high redshift are: (1) determine the 
physical sizes of the galaxies, (2) measure the 
kinematics of the system, (3) assess whether the 
system is disk-like or a recent, turbulent remnant 
of formation, and (4) if disk-like, compute the ef- 
fective dynamical mass for use in testing theories 
for the assembly of galaxies. The most direct way 
of doing this is through 21 cm emission obser- 
vations; unfortunately, the sensitivity of current- 
day radio telescopes limits such studies to local 
objects. In fact, we will see in Section that pro- 
hibitively large amounts of time would be needed 
even with the SKA to image large samples of high 
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Figure 3. [A] Left panel : The integrated 21 cm optical depth toward 3C196 (contours; |25]), overlaid on 
an HST image (greyscale; [H]). P] Right panel : The integrated 21 cm absorption velocity field toward 
3C196 (contours; 32]), overlaid on an HST image (greyscale; |54p. 



z galaxies in the 21 cm line. 

Constraints on the size and gas kinematics of 
DLAs can also be obtained from high angular res- 
olution 21 cm absorption studies, provided the 
background radio continuum is extended on scales 
larger than the telescope resolution element |35) . 
Of course, there are differences between kinematic 
studies in absorption and in emission. Spatially 
resolved emission studies directly provide the HI 
mass of the galaxy 3 , its physical extent, veloc- 
ity field and dark matter potential. On the other 
hand, less information is available in absorption 
since the observations are only sensitive to the 
kinematics of gas lying in front of the background 
radio continuum (e.g. |ll)j). Further, mapping 
the absorption does not measure the HI mass di- 
rectly but only the optical depth; one must as- 
sume a spin temperature to obtain an estimate 
of the HI mass of the absorber 4 . Absorption and 
emission studies are also sensitive to slightly dif- 



3 Assuming that the emission is optically thin. 

4 T S ~ 100 K provides a fairly good lower limit to the mass. 



ferent velocity fields, weighted by optical depth 
against the structure in the background contin- 
uum source in the former case and by column 
density in the latter. Both provide information 
on whether the velocity field is quiescent (i.e. 
well-ordered) or whether disruptive events (e.g. 
mergers) have occurred in the recent past. Given 
sufficient spatial resolution and sensitivity, it is 
possible to model the absorption velocity field 
to obtain the dynamical mass. In fact, even in 
the absence of high spatial resolution 21 cm line 
observations, spectral modeling in combination 
with knowledge of the background radio struc- 
ture can constrain properties of the absorbing 
galaxy 12 33 . Finally, absorption mapping pro- 
vides a lower limit to the physical extent of the 
galaxy. The full application of absorption studies 
will generally require statistical analysis of a large 
number of systems. 

Spatial mapping of 21 cm absorption requires 
the identification of DLAs toward extended radio 
sources such as radio galaxies. The median size of 
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high z radio galaxies (~ 50 kpc) is well matched 
toward testing whether large gaseous disks are 
common at high redshift. Radio galaxies usually 
have weak optical counterparts, implying that it 
is difficult to find such systems through optical 
spectroscopic surveys, since the latter target op- 
tically bright QSOs, which tend to have com- 
pact radio structure. On the other hand, sur- 
veys selecting DLA absorbers through 21 cm ab- 
sorption toward radio galaxies would also provide 
interesting objects for follow-up optical imaging. 
PSF subtraction should not be an issue here as 
there would be little bright optical continuum; 
this would aid the optical identification of the in- 
tervening galaxy. 

A number of VLB1 21 cm observations have 
studied absorption against compact radio com- 
ponents of the background QSO, at high spatial 
resolution (e.g. 63 3517] ). However, at present, 
the paucity of absorbers toward radio galaxies 
and poor frequency coverage of radio interferome- 
ters has meant that mapping studies sensitive to 
galactic disk scales of ~ 10 kpc have only been 
possible in two DLAs, at z ~ 0.4. Figs. E2A] 
and [B] show the zeroth and first velocity mo- 
ment of the integrated 21 cm absorption toward 
3C196, obtained with the GMRT The two 

main components of the 21 cm profile were found 
to arise from absorption in two arms of a large 
barred spiral, against the south-west hotspot and 
the eastern lobe of 3C196, as had been deduced by 
|12|. HI absorption was detected out to a radius 
of ~ 70 kpc, far beyond the extent of the opti- 
cal galaxy. The authors have also resolved the 
21 cm absorption from the z ~ 0.395 DLA to- 
ward PKS 1229—021, showing that the absorber 
has a physical size larger than ~ 30 kpc, again 
a result that had been earlier inferred from mod- 
eling the unresolved 21 cm spectrum obtained at 
the WSRT 

It should be pointed out that current telescopes 
are very unlikely to make significant advances 
in mapping 21 cm absorption at redshifts higher 
than z a bs ~ 0.5. Sensitive interferometers such 
as the GMRT and the VLA do not have suffi- 
ciently long baselines to map the absorption; for 
example, the GMRT has a spatial resolution of 
~ 25 kpc at 610 MHz, i.e. at z abs ~ 1.3. At 



the other extreme, very long baseline interferom- 
eters like the VLBA resolve out most of the ex- 
tended background emission, due to the absence 
of short baselines. Progress in this field requires 
interferometers with wideband frequency cover- 
age and modest angular resolution (0.1") to re- 
solve < 1 kpc at z ~ 1 — 5 (corresponding to 
baseline lengths B > 600(1 + z) km). Mapping 
of complex sources would also require good U- 
V coverage and a high sensitivity. The large 
antennas of the EVN+Merlin would be a good 
match to this problem in the near term but for 
the high level of background radio communication 
signals throughout Europe, which lessen the fea- 
sibility for equipping the arrays with appropriate 
receivers. Some progress in mapping absorption 
against background sources of simple structure 
might be made through continuum mapping in 
standard radio astronomy bands that bracket the 
absorption frequency, followed by line observa- 
tions with a few well chosen baselines and model 
fitting to tie the HI absorption features to specific 
lines of sight. 

5. ISM CONDITIONS : THE SPIN TEM- 
PERATURE 

If the HI column density toward a radio-loud 
QSO can be obtained from independent obser- 
vations (e.g. from the damped Lyman-a pro- 
file, soft X-ray absorption, etc), a measurement 
of the 21 cm optical depth can be used in equa- 
tion Q to estimate the spin temperature. In 
contrast to mapping studies, these experiments 
are most easily accomplished with compact back- 
ground sources, so that the line of sight toward 
the optical or ultraviolet source is the same as 
that toward the radio continuum. For more com- 
plex sources, VLBI mapping is necessary to iso- 
late only those 21cm absorbing clouds that con- 
tribute to absorption against the QSO nucleus. 

In the Galactic interstellar medium, the spin 
temperature T s of cold, dense HI clouds (compris- 
ing the "cold neutral medium"; CNM) is simply 
the kinetic temperature Tk of the cloud |23l36j : 
on the other hand, T s < for the lower density, 
"warm neutral medium" (WNM) (33] ■ For multi- 
phase structure along a line of sight, the net T s is 
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Figure 4. The spin temperature (Log[T s j) as a 
function of redshift for the 24 DLAs of the present 
sample [22] • Objects identified with spiral galax- 
ies are plotted using squares; other detections 
are shown as filled triangles, with non-detections 
shown as open triangles, with arrows. 



the column-density-weighted harmonic mean of 
the temperatures of different phases (e.g. PS]), 
and T s is biased toward the cold gas. For exam- 
ple, assuming typical temperatures of ~ 100 K 
and ~ 8000 K for the cold and warm phases, a 
line of sight with half the gas in each phase would 
have T s ~ 200 K, while one with 90% of the gas 
in the WNM and only 10% in the CNM would 
have T s ~ 900 K. The spin temperature thus pro- 
vides information on the fraction of neutral gas 
at different temperatures, that might be used to 
study the evolution of the ISM with redshift. 

Even more interesting, however, T s may serve 
as an indicator of galaxy type. This is because the 
global fractions of cold and warm neutral gas in 
a galaxy are likely to be primarily determined by 
its central pressure and average metallicity |69) . 



Large spiral galaxies like the Milky Way are ex- 
pected to have relatively large amounts of CNM, 
as such systems have both a high central pres- 
sure (due to their large mass) and a high metal- 
licity; the Milky Way has roughly equal amounts 
of warm and cold HI. On the other hand, the 
low metallicities and pressures in smaller systems 
like dwarf galaxies are not conducive to the for- 
mation of the cold phase. This occurs because 
the ISM in small galaxies cools inefficiently, due 
to the lack of metals (and hence a lack of radia- 
tion pathways); such systems are hence expected 
to have a substantially higher HI fraction in the 
warm phase. An average line of sight through a 
mature large spiral should thus have a systemati- 
cally lower spin temperature than an average line 
of sight through a low-metallicity, dwarf galaxy. 

Typical lines of sight in the Milky Way and lo- 
cal spirals like Andromeda have T s < 200 K (e.g. 
|nj). In contrast, two decades of observations have 
found that the majority of DLAs have signifi- 
cantly higher spin temperatures, T s > 700 K (e.g. 
|ft4lft5lfiftl59ll4!8l37ll5ll7l31l32| L Figure H shows 
a plot of the measured spin temperatures as a 
function of redshift for the 24 DLAs of the present 
21 cm absorption sample (221 - Both low and high 
T s values are found at low redshift z < 1, while all 
high redshift (z > 3) DLAs have high T s . Present 
results thus suggest that high z DLAs have fairly 
small CNM fractions, with most of the gas in the 
warm phase. Figure 0] also hints at evolution in 
the relative fraction of the cold and warm phases 
from high redshifts to today. 

The key to understanding the evolution in T a is 
the anti-correlation found between T s and metal- 
licity [Zn/H] in a sample of 15 DLAs drawn 
from all redshifts [341 ; this finding implicates gas 
metallicity in determining the temperature of the 
neutral ISM. At high redshift, there is a larger 
fraction of primitive, low-enrichment ISM gas in 
the cross section provided by the random inter- 
vening clouds. 

In the low redshift range of the sample plotted 
in Figure 01 all five low z, low T s DLAs have been 
identified with luminous spiral galaxies |13I53| . 
In contrast, the low z DLAs with T s > 700 K 
have been found to be associated with dwarf or 
low surface brightness (LSB) systems (e.g. [S3] 
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ITS'] ) . The current low z sample thus suggests that 
T s can indeed "distinguish" between intervening 
dwarfs and large spirals for galaxies in the nearby 
universe. This correlation relies on the primitive 
nature of the dwarf irregular and LSB galaxies 
so that their level of metal enrichment lies below 
that of the more evolved large spirals, and hence 
their cooling is less efficient, and their observed 
spin temperature is higher. 

While it may be tempting to argue that high 
redshift absorbers with high spin temperatures 
are small galaxies, the only clear physical evi- 
dence on their nature is that their ISM gas is 
primitive material of low-metallicity. Determina- 
tion of physical sizes and masses of the absorbers 
awaits measurement by the next generation of ra- 
dio telescopes. 

6. ASSOCIATED 21 CM ABSORBERS 

Blind 21 cm surveys will also yield large sam- 
ples of associated absorption systems, probes 
of the local environments of radio galaxies and 
quasars (e.g. |26I19I41I6()E7| V This will allow 
detailed studies of the kinematics and distribu- 
tion of gas close to the AGN, important for un- 
derstanding the physics of AGN activity, espe- 
cially since this activity may well be fueled (and 
perhaps even triggered) by the neutral gas (e.g. 
[2^)1. Such observations allow direct tests of the 
unification scheme for radio galaxies and quasars 
(e.g. PP). For example, such schemes predict that 
the line of sight to broad line radio galaxies is nor- 
mal to the torus (and the thick disk), while that 
toward narrow line radio galaxies lies close to the 
plane of the torus. Associated 21cm absorption 
should thus be systematically more common in 
the latter class of systems as the nucleus in broad 
line systems is not expected to be obscured by 
the neutral gas. Preliminary evidence for this ef- 
fect has already been found (e.g. 0J)> but the 
number of systems in the sample is quite small 
and restricted to fairly low redshifts (z < 0.2). 
Similarly, van Gorkom et al. |26| find a clear pre- 
ponderance of infall in local radio galaxies while 
Vermeulen et al. jEHl show tantalizing evidence 
that outflows are more common than infall at in- 
termediate redshifts (0.2 < z < 0.8). While the 



two results hint at evolution in the nuclear en- 
vironment, small number statistics again make 
it difficult to draw firm conclusions. The SKA 
21 cm surveys (see also the contribution of Jarvis 
& Rawlings, this Volume) will provide homoge- 
neous samples of associated absorbers out to at 
least z ~ 6, allowing us to trace in detail any evo- 
lution in nuclear environments (e.g. disk size, the 
existence of outflows and infall, etc) from high 
redshifts to the present epoch. 

7. PROSPECTS WITH THE SKA 

An important step to using DLAs as trac- 
ers of galaxy evolution is setting up an unbi- 
ased absorber sample; this can be done through 
blind 21 cm absorption surveys toward radio- 
loud sources. The weakness of the 21 cm tran- 
sition implies that high sensitivity is needed for 
such surveys, especially since they must per- 
force be carried out at fairly high spectral res- 
olution (21 cm lines can be fairly narrow, with 
FWHM > 5 kms" 1 ; e.g. [El). Further, for a 
cosmologically distant absorber, the 21 cm line 
redshifts out of the "protected" 1420 MHz radio 
band into frequency ranges allocated to commu- 
nication and navigation services; carrying out as- 
trophysical observations at such frequencies is a 
serious challenge. Of course, wideband frequency 
coverage is a pre-requisite to carrying out the 
survey observations. And, finally, mapping ab- 
sorbers from the resulting sample requires mod- 
erately high spatial resolution and benefits from 
good U-V coverage. 

Sensitivity, frequency coverage, RFI and angu- 
lar resolution have long been the rocks on which 
radio telescopes have foundered in their attempts 
to use 21 cm absorption studies as a probe of 
structure formation in the Universe. All of these 
issues will be addressed in the SKA and are briefly 
discussed below; the specifications are from |30| . 

1. Sensitivity : The specifications for 
the SKA sensitivity at low frequencies are 
A eff /T sys = 5000 at 200 MHz and A eff /T sys = 
20000 between 0.5 and 5 GHz. These corre- 
spond to la thermal noise values of 0.08 mJy and 
0.013 mJy per ~ 10 km/s channel in one hour, at 
frequencies of 200 MHz (z abs ~ 6.1) and 500 MHz 
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(z a bs ~ 1-8), respectively. 

We will use an HI column density of 2 x 
10 20 cm' 2 (i.e. the "classic" definition of a DLA; 
(67p and a high spin temperature of 5000 K to 
estimate the background flux densities toward 
which the SKA will be able to detect 21 cm ab- 
sorption. Of course, colder gas will be detected 
against weaker sources. Note that, while WNM 
kinetic temperatures are likely to lie in the range 
- 5000 - 10000 K ES2|, Figure 2 of EE] shows that 
these correspond to T s < 5000 K, for two-phase 
media and pressures P/k < 6000 cm -3 K. We 
hence use T s — 5000 K for the current estimates. 

Even at its lowest sensitivity, at 200 MHz, 
equation (JTJ shows that 12 hour SKA integra- 
tions will be able to detect 21 cm absorption at 
the 5 a level toward 100 mJy background sources, 
for the above values of Nm and T s . At lower ab- 
sorption redshifts, z a b s < 2, where the SKA has 
a significantly higher sensitivity, it will detect ab- 
sorption toward far weaker sources (with flux den- 
sities ~ 20 mJy in the same integration time), as 
well as detecting the absorption against the nu- 
merous 100 mJy sources in half hour integrations 
that are suitable for extensive surveys. Note that 
even deep SKA integrations lasting 360 hours will 
only detect MJjj galaxies in 21 cm emission out 
to redshifts z ~ 2.5, and 0.1 Mjgj systems out 
to z ~ 1. (Galaxies at the knee of the z w 
luminosity function have M^j = 10 9 79 M Q for 
H =75 km s^Mpc -1 !^.) Clearly, it will be 
difficult to use 21 cm emission searches to trace 
galactic evolution, if hierarchical merger models 
are indeed correct. And, since a high signal-to- 
noise ratio is needed for kinematic studies, these 
will only be possible out to z ~ 1, even for 
360 hour integrations on Mjjj galaxies. 

2. Frequency coverage and RFI : The SKA 
will have frequency coverage from ^100 MHz to 
~ 25 GHz and will thus be sensitive to 21 cm ab- 
sorption out to redshifts z a b s < 13. It is likely to 
be built on a site with low terrestrial radio back- 
ground is low, and it will also be one of the first 
radio telescopes to incorporate modern RFI mit- 
igation techniques (e.g. [11124] ). crucial for ob- 
servations at these frequencies. These techniques 
will make it possible for the SKA to reach theo- 
retical noise levels in unprotected radio bands. 



3. Survey capabilities : The SKA will 
have a wide-band correlator with the ability to 
handle 10 4 channels over a large input band- 
width. In combination with its wide field of view 
(200 square degrees at 0.7 GHz) large instanta- 
neous bandwidth (2 bands, each with a full width 
equal to a fourth of the centre frequency of the ob- 
serving band) and unequaled low frequency cover- 
age, the SKA will be wonderfully suited for blind 
21 cm absorption surveys, never before possible 
with an interferometer. 

4. Angular resolution : The SKA will have 
an angular resolution better than (0.02/Vghz)"> 
with excellent U-V coverage. This corresponds 
to spatial resolutions of ~ 350 pc at z ~ 2 and 
~ 600 pc at z ~ 6. Remarkably, this is somewhat 
better than the typical spatial resolution obtained 
in HI emission studies of the kinematics of local 
galaxies (e.g. [EE])- 

8. Blind SKA surveys 

The sensitivity of a blind survey for redshifted 
absorption can be quantified by the total red- 
shift path surveyed and the sensitivity function 
(i.e. the number of lines of sight at a given red- 
shift with detectable absorption; e.g. 57 J- In 
the case of the SKA, the sensitivity function of a 
21 cm absorption survey (out to z ~ 13) is deter- 
mined by the number of radio sources available 
as background targets at a given redshift, with 
sufficiently high flux density to show detectable 
21 cm absorption. We have seen in Sect ion that 
twelve hours of SKA integration will be sufficient 
to detect 21 cm absorption at the 5cr level in all 
DLAs (N H i > 2xl0 20 cm' 2 and T s < 5000 K) 
toward 100 mJy sources out to z ~ 6 and toward 
even weaker sources at lower redshifts. We will 
hence use a flux cut-off of 100 mJy at the red- 
shifted 21 cm frequency to estimate the number 
of sources available as background targets for a 
blind survey. 

The temporal evolution of the bright end of 
the radio luminosity function is reasonably well- 
understood out to z ~ 4, based on low frequency 
radio samples [28129162] , We have used the re- 
sults from j^Hl to estimate the number of radio 
galaxies available as absorption targets for the 
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Figure 5. The number of background radio galax- 
ies per 2tt steradians with redshift greater than z 
and flux density greater than Su m at frequency 
/ = 1420(1 + z)- 1 MHz, for S Um = 30, 100, 300 
and 1000 mJy. The bands indicate the range of 
uncertainty that spans the no-evolution and mild 
(la) evolution cases |2"§] , 



SKA. Note that radio galaxies form ideal back- 
ground sources, since they have sufficient angu- 
lar extent to probe galactic scales (one to tens of 
kpc) in a foreground absorber. Fig [5] shows the 
number of radio sources above a given flux den- 
sity that will be available for absorption studies 
at different redshifts; this has been done for four 
limiting flux densities, Sn m — 30, 100, 300 and 
1000 mJy, calculated at the redshifted 21 cm line 
frequency. The bands in the figure indicate the 
range of uncertainty spanning the no-evolution 
and mild (la) evolution cases described by |29j . 
We restrict the following discussion to z < 4 to 
avoid speculative extrapolations in source num- 
ber counts. 

Fig. [5] shows that there should be of order 
10 3 radio sources per hemisphere of the sky with 
z > 4, whose flux densities at 284 MHz (corre- 
sponding to the HI line at z = 4) exceed 100 mJy. 
The survey sensitivity function at z ~ 4 is thus 
~ 1000, a factor of 20 larger than the combined 
sensitivity of all current optical DLA surveys at 
this redshift (see Fig. 5 of |57j). The DLA statis- 
tic tie)la(z) = dN/dz quantifies the expected 
number of interceptions of iVni > 2xl0 20 cm~ 2 
absorbers that will occur per unit redshift. This 
interception rate rises steadily to the range 0.3 to 
0.4 for redshifts greater than 4 [23] . Note that the 
z ~ 4 sources probe absorbing galaxies through 
90% of the age of the Universe. Further, a number 
of 30 mJy sources will show "associated" absorp- 
tion at these redshifts, which will be stronger due 
to the higher metallicity and dust content near 
the nuclei of the radio galaxies and quasars. This 
will allow the measurement of redshifts of young 
radio galaxies (regardless of their dusty cocoons) , 
independent of optical spectroscopy. 

Of course, the SKA sensitivity is at its lowest 
below ~ 300 MHz [20]. At ~ 500 MHz (i.e. z ~ 
1.85, for the HI line), it will be possible to detect 
21 cm absorption in DLAs toward 20 mJy sources 
(see SectionEJ . The survey sensitivity function at 
z ~ 2 is thus > 2 x 10 4 , more than two orders of 
magnitude larger than the combined value from 
present optical surveys |BTj . 

Clearly, blind SKA 21 cm absorption surveys 
will allow the construction of unparalleled sam- 
ples of "normal" galaxies out to z > 4. As men- 
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tioned earlier, these will be unbiased by dust ex- 
tinction and thus well-suited to study the evo- 
lution of typical galaxies with redshift. We note, 
finally, that observing time requirements are dras- 
tically alleviated by the large beam of the SKA 
(~ 200 square degrees at 0.7 GHz; [50]'): this al- 
lows spectra of a large number of sources to be 
taken simultaneously, at any given frequency set- 
ting. 

In summary, the SKA will be able to carry 
out 21 cm absorption measurements against thou- 
sands of distant radio sources out to redshifts of 
four or greater, allowing detailed studies of galax- 
ies that intervene by chance along the line of 
sight. These include the kinematics and dynami- 
cal masses of the absorbers, their gaseous extent 
and the structure of their ISM. In addition, blind 
21 cm absorption surveys will give rise to large 
unbiased samples of gas-rich intervening galax- 
ies, allowing us to determine the size and mass of 
normal galaxies as a function of redshift and to 
thus directly test theoretical models of structure 
formation. These surveys will also provide large 
samples of associated absorbers, enabling stud- 
ies of the evolution in the environment of active 
galactic nuclei from high redshifts to the present 
epoch. 
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